Q uantitative analysis of cellular signaling networks and metabolic pathways demands observation and perturbation of living cells with spatial and temporal resolution commensurate with biologically relevant length and time scales. Noninvasive, reversible, and spatiotemporally precise perturbation is provided by optogenetics, which employs genetic means to introduce photoreceptor proteins serving as light-regulated actuators to target loci (1) . Photoreceptors are commonly of modular architecture, where photosensor modules (input) absorb light and regulate the biological activity of associated effector modules in response (output). In some photoreceptors (e.g., rhodopsins), both modules are integrated into a single protein domain. Certain rhodopsins that function as light-gated ion channels (2, 3) or light-driven ion pumps (4) are particularly powerful because they realize optogenetic control over a fundamental property of every living cell, namely, the voltage across biological membranes. Rivaling this versatility, photoactivated adenylate cyclases (PACs) (5-7) catalyze the formation of cAMP in a blue-lightactivated manner. Both cAMP and the related cGMP serve as ubiquitous second messengers in various responses in diverse organisms, including apoptosis, smooth muscle relaxation, and vision (8) (9) (10) (11) . Intracellular levels of cAMP and cGMP are tightly controlled by nucleotidyl cyclases and phosphodiesterases (PDEs)that catalyze the making and breaking of these second messengers (8) (9) (10) . Although certain PDEs are involved in human vision (e.g., PDE6), no cAMP/cGMP-specific PDE is known that is directly regulated by light. Rather, in the PDE superfamily, N-terminal chemosensor modules of variable composition regulate the catalytic activity of a C-terminal effector module (8) (9) (10) . In PDE2, PDE5, PDE6, PDE10, and PDE11, the sensor module consists of two cGMP PDE/adenylyl cyclase/FhlA (GAF) domains (12) that mediate regulation by cyclic nucleotides. Seminal work showed that the Homo sapiens cAMP/ cGMP-specific PDE2A (HsPDE2A) adopts a parallel homodimeric structure with the dyad interface formed by an extended α-helical spine (13) (Fig. 1A) . Two GAF domains, denoted GAF-A and GAF-B, attach laterally to this spine and are tethered to the C-terminal PDE effector module by a coiled coil. Binding of cGMP to GAF-B induces fourfold allosteric activation of HsPDE2A (13) .
Strikingly similar overall architecture is observed for bacterial phytochrome (BPhy) red-light receptors (14) (15) (16) [e.g., in the dimeric photosensor module of Pseudomonas aeruginosa BPhy (PaBPhy) (17) ] (Fig. 1A) . Highly reminiscent of HsPDE2A, a trio of Per-ARNT-Sim (PAS) (18) , GAF, and phytochrome (PHY)-specific domains are arranged laterally of a central α-helical spine. The histidine-kinase effector of PaBPhy is not structurally resolved but is assumed to C-terminally connect to and communicate with the photosensor via a continuous coiled coil (17) . A linear tetrapyrrole (bilin) chromophore, biliverdin in PaBPhy, is covalently attached to a cysteine residue and is embedded in the GAF domain. The photocycle of all phytochromes comprises two (meta)stable states that differ in the conformation of the C15 = C16 double bond between rings C and D of the bilin chromophore (15, 16) (Fig. 1B) . Typically, the 15Z isomer gives rise to a red-light-absorbing state denoted Pr, and the 15E isomer gives rise to a far-red-light-absorbing state denoted Pfr. Irradiation with red light (∼650-700 nm) and far-red light (∼700-750 nm) drives the fully reversible Pr→Pfr Significance Sensory photoreceptors not only enable organisms to derive spatial and temporal cues from incident light but also provide the basis for optogenetics, which denotes the manipulation by light of living systems with supreme spatial and temporal resolution. To expand the scope of optogenetics, we have engineered the light-activated phosphodiesterase LAPD, which degrades the ubiquitous second messengers cAMP and cGMP in a red-light-stimulated manner. Both cAMP and cGMP are key to the regulation of manifold physiological responses, and LAPD now augurs red-light control over these processes. As we demonstrate for two eukaryotic systems, LAPD does not require any additional exogenous factors, and thus permits the light perturbation of living cells in hitherto unrealized ways.
and Pfr→Pr transitions, respectively. Crucially, the Pr and Pfr states differ in the activity of the associated effector module; hence, a link between photochemistry and downstream responses is established. In conventional BPhys, such as the one from Deinococcus radiodurans (DrBPhy) (19, 20) , the Pr state is thermodynamically more stable and predominates in darkness; by contrast, PaBPhy belongs to the bathyphytochromes, where the Pfr state is more stable.
Intrigued by the structural correspondence between the chemosensor of HsPDE2A and the photosensor of BPhys, we wondered whether these modules are functionally interchangeable (21) . Implementing this concept, we have engineered a lightactivated phosphodiesterase (LAPD) that hydrolyzes cAMP and cGMP in a red-light-activated manner. Because LAPD also affords light control over the hydrolysis of cyclic nucleotides in eukaryotic cell culture and whole animals, the optogenetic arsenal is expanded by a new functionality.
Results
Structure-Guided Engineering of LAPD. Structural superposition of HsPDE2A and the PAS-GAF-PHY tandem of PaBPhy provides a rationale for how chimeras between the two parent proteins should be constructed (Fig. 1A) . In particular, helices emanating from the C terminus of the PaBPhy PHY domain can be spatially overlapped with helices emanating from the N terminus of the HsPDE2A catalytic domain (Fig. 1C) . Because expression of chimeras between HsPDE2A and PaBPhy failed to yield soluble protein, we switched to using DrBPhy, for which the structures of the PAS and GAF domains have been elucidated (20) . Initially, we generated a chimeric construct, denoted LAPD+2, that connects the PAS-GAF-PHY domains of DrBPhy (amino acids 1-506) to the PDE domain of HsPDE2A (amino acids 553-941) ( Fig. S1 and Table S1 ). The chimeric protein was expressed in Escherichia coli together with heme oxygenase, which supplies the biliverdin chromophore (22) . Upon purification, we found that LAPD+2 possesses no appreciable catalytic activity, regardless of illumination. Spurred by previous findings that the length of the linker between sensor and effector modules strongly affects catalytic activity and regulation of signal receptors (23, 24) , we generated chimeras between DrBPhy and HsPDE2A that differ in the length of this linker ( Fig. S1 and Table S1 ). In particular, a deletion of two residues [DrBPhy (amino acids 1-506) linked to HsPDE2A (amino acids 555-941)] yielded a construct exhibiting lightregulated cyclic nucleotide hydrolysis (compare below); hence, we refer to this construct as LAPD. LAPD autonomously incorporates its biliverdin chromophore and undergoes the same characteristic Pr↔Pfr photochemistry as the parent protein DrBPhy (Fig. 1D) . Using absorption spectroscopy, we determined the amount of apoprotein lacking biliverdin to be below 3 ± 5%. Red-Light-Activated PDE Activity of LAPD. We measured cGMP and cAMP hydrolysis catalyzed by LAPD in its dark-adapted state and in its red-light-adapted state following illumination with 690-nm light. Reactions were initiated by addition of cyclic nucleotides, and aliquots taken at specific times were analyzed by reverse-phase HPLC. As exemplified for red-light-adapted LAPD at 100 μM cGMP, the HPLC elution profile shows substrate (cGMP) depletion and concomitant product (GMP) formation progressing with reaction time (Fig. 2A) . Integration of the peak areas allowed the determination of initial reaction velocities, v 0 , and revealed that catalytic turnover of LAPD is enhanced under red light compared with dark conditions (Fig. 2B and Fig. S2 ). LAPD followed Michaelis-Menten kinetics for cGMP hydrolysis under both dark and red-light conditions (Fig. 2C) . When normalized to the amount of LAPD, maximum reaction velocities at substrate saturation, v max , of 2.5 ± 0.4 μM·min −1 (nM LAPD) −1 and 15.1 ± 0.3 μM·min −1 (nM LAPD) −1 were obtained in the dark and under 690-nm light, respectively, corresponding to a sixfold enhancement upon light exposure. By contrast, substrate affinity was largely unaffected by illumination with K m (cGMP) amounting to 440 ± 140 μM in the dark and to 340 ± 20 μM in red light. For the parent enzyme HsPDE2A (13), cGMP binding to GAF-B allosterically activates by about fourfold, yielding v max = 2.5 ± 0.9 μM·min −1 (nM enzyme) −1 , which is closely similar to dark-adapted LAPD. However, HsPDE2A showed higher affinity for the substrate cGMP [K m (cGMP) = 78 ± 5 μM].
As is true for HsPDE2A, LAPD has dual specificity and also catalyzes the hydrolysis of cAMP with a v max of 1.8 ± 0.3 μM·min −1 (nM LAPD) −1 in the dark and 6.5 ± 0.2 μM·min
(nM LAPD) −1 under 690-nm light, corresponding to a fourfold enhancement in the light (Fig. S3) . Affinity for cAMP amounted to 470 ± 170 μM under dark conditions and to 180 ± 20 μM under 690-nm light. For comparison, PDE2A prepared from bovine heart is allosterically activated five-to sixfold by cGMP and hydrolyzes cAMP with v max = 12.4 μM·min −1 (nM enzyme)
and K m (cAMP) ≈ 30 μM (25). To assess the influence of different light qualities on LAPD activity, we conducted hydrolysis experiments at 1 mM cGMP substrate concentration, where 690-nm light induces an approximately sevenfold enhancement of turnover relative to dark (Fig.  2D ). For far-red illumination, we resorted to an 850-nm lightemitting diode (LED) whose emission maximum is well in the IR range. Irradiation with 850-nm light led to a reproducible 20% increase of LAPD activity (two-tailed Welch's t test, P = 0.03), which we attribute to residual absorption of dark-adapted LAPD at wavelengths contained in the LED emission spectrum (Fig.  2D ). Application of 690-nm light following 850-nm light results in full activation of LAPD. To test whether red-light-induced activation of LAPD can be reverted by irradiation with far-red light, we first exposed LAPD to saturating 690-nm light before applying 850-nm light. With increasing duration of 850-nm irradiation, LAPD activity decreased; 850-nm light apparently drives the reverse transition, Pfr→Pr, and can be used to attenuate LAPD activity (Fig. 2D ). Although the kinetics for this transition are slow, the observed effect is not merely due to thermal reversion of the Pfr to the Pr state during illumination with 850-nm light, which only accounts for a small fraction of the loss in LAPD activity (Fig. 2D ). Due to its Soret absorption at around 400 nm (compare Fig. 1D ), LAPD can also be photoactivated to full extent by blue light (455 nm) and broadband white light (Fig. 2D) .
Although the LAPD protein prepared by heterologous expression in E. coli incorporated its biliverdin chromophore to near-full extent, the efficiency of incorporation might be different in other settings, particularly in vivo (compare below). To assess the activity of apo-LAPD, we generated the C24A mutant of LAPD in which the cysteine residue necessary for covalent chromophore attachment has been removed. Absorption spectroscopy confirms that LAPD C24A is devoid of chromophore, and thus represents a valid proxy for apo-LAPD. Influence of different light qualities on LAPD activity was studied at an initial cGMP concentration of 1 mM. LAPD was subjected to different light regimes: dark; 690-nm light; 850-nm light; 850-nm light followed by 690-nm light; 690-nm light followed by 850-nm light for 1, 2, and 4 min; 690-nm light followed by dark incubation for 1, 2, and 4 min; 455-nm light; and broadband white light. The rightmost column (apo) represents the activity of LAPD C24A, which lacks the biliverdin chromophore. Catalytic turnover was normalized to the value obtained for 690-nm light. Data are mean ± SD of four measurements.
Hydrolysis experiments at 1 mM cGMP concentration reveal that the specific activity of LAPD C24A amounts to 43.7 ± 5.6% of holo-LAPD in its dark-adapted, low-activity state (Fig. 2D) .
Linker Composition Governs Enzymatic Activity and Regulation by
Light. Studies on chimeric adenylate cyclases (23) and bluelight-regulated histidine kinases (24) revealed that the length of α-helical linkers between sensor and effector modules crucially governs the activity and signal response of the composite receptors. To probe whether these mechanistic principles extend to LAPD, we generated a series of insertion variants, denoted LAPD+1 through LAPD+7, in which up to seven consecutive residues were inserted into the LAPD linker, and a series of deletion variants, denoted LAPD−1 through LAPD−4, in which up to four consecutive residues were removed ( Fig. S1 and Table  S1 ). All variants could be expressed and purified; all constructs incorporated biliverdin to a similar or slightly lower extent as LAPD and showed reversible Pr↔Pfr photochemistry. Measurements of cGMP hydrolysis at 1 mM substrate concentration under dark and red-light conditions (690 nm) revealed that none of the LAPD derivatives were regulated by red light to a significant extent, and most of them showed only basal or even no detectable enzymatic activity (Fig. 3 ). However, LAPD+1 had constitutive activity at an intermediate level between dark-adapted and redlight-adapted LAPD. Apparently, LAPD possesses an optimized geometry, and the presently tested deviations in linker length strongly impair enzymatic activity and light regulation.
LAPD Displays Light-Regulated Activity in Eukaryotic Cells. After ascertaining red-light-activated enzymatic activity of LAPD in vitro, we examined whether LAPD can modulate intracellular cyclic nucleotide levels in CHO cell culture (Fig. 4 ) and in zebrafish (Fig. 5) .
We stably expressed LAPD in a cGMP-reporter CHO cell line used previously for the characterization of the cellular activity of PDE2-specific inhibitors (26, 27) . Briefly, this cell line stably expresses a receptor for the atrial natriuretic peptide (ANP), the cyclic nucleotide-gated ion channel CNGA2, and the luminescent reporter aequorin (Fig. S4A) . Upon ANP stimulation, the receptor catalyzes the production of intracellular cGMP, which, in turn, triggers opening of CNGA2 channels; resultant influx of calcium and subsequent binding by aequorin stimulate an increase of bioluminescence. When functionally expressed in these cells, LAPD would catalyze the breakdown of cGMP, thus resulting in decreased luminescence.
In the dark, ANP addition induced a concentration-dependent increase of bioluminescence in the LAPD reporter cell line with an apparent EC 50 ANP dose of 1.2 ± 0.1 nM, which is close to the reported EC 50 value of 0.8 nM for ANP receptor stimulation (28) (Fig. 4A ). When exposed to white light, ANP stimulation also led to a concentration-dependent increase of bioluminescence (EC 50 = 3.9 ± 1.0 nM), but luminescence maximally reached 20-35% of the value under dark conditions, indicating light-induced PDE activity. Note that reporter luminescence is governed by multiple nonlinear processes; hence, we attribute the slightly higher EC 50 value in the light to increased LAPD activity as opposed to altered ANP receptor affinity. Interestingly, the endogenous amount of biliverdin present in CHO cells suffices to support the maximal light response, because incubation with exogenously added biliverdin had no effect on light-regulated PDE activity. To further pinpoint the observed light effect to LAPD, we titrated the LAPD reporter cell line with the PDE2-specific inhibitor BAY 60-7550 (Axxora Life Sciences, Inc.) (26) and stimulated cGMP production by addition of 10 nM ANP (Fig. 4B) . (Fig. S4B) .
In a second line of experiments, we expressed LAPD in zebrafish embryos and measured whole-body cAMP levels under different light conditions (Fig. 5 ). Embryos were injected at the one-cell stage with LAPD RNA. At 1 d postfertilization, the embryos were treated with forskolin to increase intracellular cAMP substrate levels (29) and were incubated for 5 h under red light or under IR light. Animals were then killed, and wholebody cAMP levels were determined by ELISA. Under red light, cAMP levels were suppressed by around 40% in LAPD-injected embryos relative to uninjected control embryos (two-tailed Welch's t test, P < 10 −5 ) (Fig. 5A) . By contrast, under IR light, no significant difference in cAMP levels between LAPDinjected and uninjected control embryos was observed (P = 0.81) (Fig. 5B) . As in the experiments using CHO cells, red-light enhancement of LAPD activity did not require exogenous biliverdin addition. Taken together, these results show that LAPD can be functionally expressed in eukaryotic cell cultures and in whole animals, can be activated by light exposure, does not demand exogenous addition of biliverdin, and may be specifically inhibited by BAY 60-7550.
Discussion
Commutability of Sensor and Effector Modules in Signal Receptors.
The successful engineering of LAPD unequivocally shows that fundamental principles and mechanisms are shared across certain signal receptors, and that the constituent sensor and effector modules of these receptors are hence functionally interchangeable. Evidently, modular commutability spans signal receptors that harbor disparate (enzymatic) activities (e.g., histidine kinases vs. PDEs) that respond to completely different signals (e.g., red light vs. secondary metabolites) and are of utterly different provenance (e.g., prokaryotic vs. eukaryotic). The remarkable versatility of the underlying signal transduction mechanisms is further borne out in work on chimeras between mammalian cGMP-activated PDEs and cyanobacterial cAMP-activated adenylate cyclases (30, 31) . By exchanging the GAF sensor modules, the stimulus response of the adenylate cyclase could be reprogrammed from cAMP to cGMP, but, in contrast to LAPD, catalytic activity was severely impaired. Our work now extends the commutability principle from cyclic nucleotide-regulated chemoreceptors to red-light-regulated photoreceptors, thus providing clear-cut avenues for the engineering of novel receptors [e.g., red-light-regulated adenylate cyclases, as recently demonstrated by Gomelsky and Ryu (32) ].
Interestingly, the structural superposition between PaBPhy and HsPDE2A (compare Fig. 1 A and C) favored the chimeric construct LAPD+2, which had no appreciable PDE activity, however. Only after deletion of two residues from the linker did we obtain the LAPD construct with PDE activity that was lightregulated. Although the reason for this discrepancy is unclear, a two-residue deletion might induce torsional strain in the coiled-coil linker required for light regulation of PDE activity. For the parent receptor HsPDE2A, signal transduction was proposed to involve signal-dependent rearrangements of the interface between the two catalytic PDE subunits (13, 33) . In the absence of signal, a low-activity state is assumed, where the two PDE subunits are spatially arranged such that their substratebinding pockets are occluded by a protein loop, denoted the H-loop. In the presence of signal (cGMP in the case of HsPDE2A), a high-activity state is assumed, where reorientation of the PDE domains leads to displacement of the H-loop and concomitant exposure of the substrate-binding pocket (13) . The observation that the majority of all LAPD linker variants have constitutively low PDE activity (compare Fig. 3 ) now suggests that the lowactivity state of PDE2A is thermodynamically preferred; free energy must be invested to convert the PDE to the high-activity state (e.g., via cGMP binding to GAF-B in the case of HsPDE2A or via light absorption in the case of LAPD).
At first glance, it seems a conundrum that disparate sensors and effectors can so readily communicate. An elegant solution to this problem is outlined in a recent essay (33) . Effectors intrinsically exist in equilibrium between states of low activity and high activity, which we identify as T (tense) and R (relaxed) states, respectively (21, 34, 35) . Quaternary structural transitions in dimeric signal receptors as discussed for HsPDE2A (compare above) are apparently key in repositioning catalytic units to allow adoption of their high-activity state (9, 33) . Crucially, the sensor module merely shifts the intrinsic equilibrium between T and R states in a signal-dependent manner but does not alter the states per se. α-helical coiled coils recur as linkers in signal receptors, arguably because they do not demand direct contacts between sensors and effectors, and they are hence well suited to transmit signals over extended molecular distances (e.g., across biological membranes) (36) . Signal transduction could involve different types of helical motions (e.g., rotation, dissociation, piston and pivot) (33); notably, for HAMP domains (histidine kinases, adenylate cyclases, methyl-accepting proteins, and phosphatases) (37) and sensor histidine kinases (24) , which often occur in conjunction with GAF domains, signal-induced rotary movements of coiledcoil helices were invoked.
LAPD as an Orthogonal Optogenetic Tool. In LAPD, we have established a novel optogenetic modality that achieves light-controlled perturbation of living cells in hitherto unrealized ways. As we demonstrate, LAPD enhances the hydrolysis of cyclic nucleotide second messengers in eukaryotic cells upon light exposure. Of key advantage, the biliverdin chromophore of LAPD is apparently available intracellularly in sufficient quantities, thus obviating the need for exogenous addition and enabling true genetic encoding. This contrasts with the initial application of a photochemically impaired DrBPhy photosensor module in mouse liver as a near-IR fluorescent probe (38) ; fluorescence could be markedly enhanced by exogenous addition of biliverdin, which indicates that for this application and in these cells, the endogenous level of biliverdin was below saturation. However, improved fluorescent BPhys no longer require exogenous biliverdin addition (39), indicating that not only the bioavailability of the chromophore but also the efficiency of its incorporation matters. Both cAMP and cGMP are involved in the regulation of manifold biological processes as diverse as the stress response in zebrafish (40) , parasite infectivity (41) , and Drosophila behavior (7), and LAPD augurs optogenetic control over these processes. Notably, red and far-red light penetrate tissue much more deeply than light of shorter wavelengths, thus making LAPD particularly well suited for optogenetic studies on whole animals (compare Fig. 5) ; however, it remains to be further corroborated whether the chromophore biliverdin is readily available in all tissues and cell types. Of particular advantage, the specific activity of apo-LAPD is around 2.3-fold lower than that of holo-LAPD in its low-activity, dark-adapted state (compare Fig. 2D) ; consequently, relatively large light effects could still be induced even in the presence of significant levels of apoprotein. Our data show that red light enhances LAPD activity by a factor of sixfold, whereas the complementary blue-light-activated adenylate cyclases exhibit activation factors that can be more than one order of magnitude higher (5-7). However, the light induction factor of LAPD is virtually the same as for cGMP activation of the parent receptor HsPDE2A, implying that meaningful physiological effects could still be elicited. Furthermore, with the basic design rule for red-light-regulated PDEs now established, other variants with different, possibly improved properties can readily be engineered [e.g., by introducing mutations that modulate Pr↔Pfr photochemistry (42) , by resorting to BPhys with favorable characteristics (43), by replacing the effector with other PDE domains]. More generally, LAPD exemplifies that not only plant phytochromes (44) but also bacterial phytochromes constitute powerful building blocks in the engineering of novel optogenetic actuators (45) . Although the precise mechanism of signal transduction is fully understood neither for BPhys nor for PDEs, coiled-coil linkers between photosensor and effector moieties appear essential, as also observed for certain blue-light receptors (36) . Engineering on the basis of BPhys is hence particularly applicable to homodimeric effector proteins. Coupling to a BPhy photosensor could constrain, and thus align, the constituent monomers of dimeric effectors in either productive or nonproductive orientations; light absorption could alter or relieve this constraint and allow the monomers to adopt a new orientation with different activity. Decisive advantages of phytochromes are reversible switching by two light colors, facilitating enhanced spatiotemporal resolution, and deeper tissue penetration of red light, facilitating optogenetics in thicker slices and live animals. In contrast to plant phytochromes, BPhys use the chromophore biliverdin, which apparently accrues as a natural degradation product of heme, and thus does not need to be added exogenously.
Materials and Methods
The LAPD+2 fusion construct was generated by restriction cloning and was ligated into pASK43; LAPD, the C24A mutant, and linker variants were generated by site-directed mutagenesis. For experiments in CHO cells and zebrafish, the LAPD gene was cloned into the pEGFP-N1 and pGEM vectors.
LAPD expression was carried out in E. coli BL21(DE3) cells expressing Synechocystis sp. heme oxygenase 1. Protein was purified by immobilized metal ion affinity chromatography, and concentration was determined by absorption spectroscopy. Catalytic activity was measured in vitro at 25°C in the dark or under illumination 2 min before and during the reaction. Reaction aliquots were analyzed by reverse-phase HPLC on a C18 column. Elution was monitored by absorbance, and peak areas were integrated to determine the amounts of substrate and product.
Stable LAPD reporter and control HsPDE2A cell lines were generated by hygromycin selection (27) . PDE activity was measured with cells incubated in the dark or under white light before measurement (26) . Experiments performed in this study were conducted according to the German animal welfare law and were approved by the Animal Protection Office of the Max Planck Institute of Medical Research/University of Heidelberg. LAPD RNA was injected into embryos at the one-cell stage. After maintenance in the dark, embryos were dechorionated manually. Both uninjected control and LAPD-injected embryos were treated with 300 μM forskolin and illuminated with red or IR light. Whole-body cAMP levels were determined using an ELISA kit (Enzo Life Sciences).
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Gasser et al. 10 .1073/pnas.1321600111 SI Materials and Methods Molecular Biology. For expression in Escherichia coli, the DNA encoding residues 1-506 of Deinococcus radiodurans bacterial phytochrome (DrBPhy; UniProt BPHY_DEIRA) was amplified by PCR from the D. radiodurans type strain DSM 20539 (DSMZ). The gene encoding residues 553-941 of Homo sapiens cAMP/ cGMP-specific phosphodiesterase 2A (HsPDE2A; UniProt PDE2A_HUMAN) was synthesized with E. coli-adapted codon use (Geneart). The fusion construct LAPD+2 between DrBPhy (amino acids 1-506) and HsPDE2A (amino acids 553-941) was generated by restriction cloning in the pET-28c vector (Novagen, Merck). Subcloning into the pASK43 vector (IBA GmbH) using NheI/HindIII furnished LAPD+2 with a C-terminal hexahistidine tag. Light-activated phosphodiesterase (LAPD), the C24A mutant of LAPD, and LAPD linker variants were generated by site-directed mutagenesis using the QuikChange protocol (Invitrogen, Life Technologies). For studies in eukaryotic cells, genes of DrBPhy and HsPDE2A with H. sapiens-adapted codon use were obtained by gene synthesis (Geneart) or by amplification from a full-length cDNA clone of HsPDE2A (imaGenes GmbH), respectively. The LAPD fusion construct with H. sapiens-adapted codon use was constructed in pASK43 as described above. For expression in CHO cells, the LAPD gene was subcloned under the control of a CMV promoter in pEGFP-N1 (Clontech) using NheI/NotI, thereby removing the EGFP tag on the vector. For RNA production for zebrafish experiments, the LAPD gene was cloned into the pGEM vector (Promega). All constructs were confirmed by DNA sequencing (GATC Biotech).
Protein Expression and Purification. The pASK43 expression plasmids encoding LAPD variants were transformed into E. coli BL21 (DE3) cells carrying the pKT270 plasmid (1), which encodes Synechocystis sp. heme oxygenase 1. Five hundred milliliters of LB was inoculated and incubated at 37°C and 225 rpm (New Brunswick Innova 43R incubator shaker); protein expression was induced at an OD at 600 nm of ∼0.5 by adding 0.2 μg·mL −1 anhydrotetracycline, 1 mM isopropyl-β-D-thiogalactopyranoside, and 500 μM δ-aminolevulinic acid hydrochloride. After incubation for 18 h at 16°C and 225 rpm (New Brunswick Innova 43R incubator shaker), cells were harvested by centrifugation and suspended in lysis buffer [50 mM Tris·HCl (pH 8.0), 20 mM NaCl, 20 mM imidazole, Complete Ultra protease inhibitor mixture (Roche), lysozyme, DNaseI]. Upon lysis by sonication, the cleared lysate was incubated in the presence of 100 μM biliverdin hydrochloride (Frontier Scientific) and 5 mM Tris-(2-carboxyethyl)-phosphine hydrochloride for 1 h at 4°C. Following incubation, the lysate was purified over a gravity-flow Co ; notably, the absorption of biliverdin at this wavelength is little affected by denaturant addition (4) . The amount of protein was calculated based on absorption at 280 nm after correcting for the contribution of biliverdin absorption at this wavelength.
In Vitro Activity Assays. Catalytic activity was measured at 25°C in solutions containing 5 nM enzyme (LAPD or variants), 50 mM Tris·HCl (pH 8.0), 8.3 mM MgCl 2 , 50 μg·mL −1 BSA, and 7 mM β-mercaptoethanol (5). Reactions were started by adding 25-2,000 μM cAMP or cGMP. Experiments were conducted under dark conditions (i.e., dim green light) or under illumination 2 min before and during the reaction. A bandpass filter (ThorLabs) was used to select a wavelength of 690 nm (FWHM, 10 nm; power, 3.3 mW·cm ). For white-light irradiation, a tungsten halogen coldlight source was used (150 W, DCR III; Schott). Aliquots taken after 15 s to 2 min of reaction time were immediately transferred to 95°C to stop the reaction and to denature the PDE enzyme. Samples were cleared by centrifugation and filtration (0.2-μm pore size, Chromafil; Macherey-Nagel), and were analyzed by HPLC (Knauer). cGMP and GMP were separated on a C18 reversephase column (Supelco; Sigma-Aldrich) using isocratic conditions [100 mM potassium phosphate (pH 5.9), 4 mM tetrabutylammonium iodide, 10% (vol/vol) methanol] (6). cAMP and AMP were separated on a C18 reverse-phase column using gradient elution [buffer A: 25 mM potassium phosphate (pH 5.5); buffer B: 94 mM potassium phosphate (pH 5.5); 25% (vol/vol) acetonitrile; gradient: 0-70% B within 12.5 min] (7). Elution was monitored by absorbance at 253 nm; data were evaluated with Clarity Chrom (Knauer) and Origin (Origin Lab Corp.). Peak areas were integrated and assigned to the educt cyclic NMP and the product NMP based on retention times of the corresponding standard compounds. To account for loading differences, we used an internal standardization procedure, where the product amount is normalized to the sum of the educt and product amounts.
In Vivo Activity Assays in CHO Cells. To generate a stable LAPD reporter cell line, a precursor atrial natriuretic peptide (ANP) reporter cell line (8) was cotransfected with a LAPD construct and the pcDNA3.1/hygro vector (Invitrogen). Stably transfected clones were obtained by hygromycin selection (0.4 mg·mL −1 ) and were characterized by ANP stimulation plus/minus illumination. One clonal cell line was selected for further experiments and is referred to as the LAPD reporter cell line. In parallel, a stable WT PDE2A reporter cell line was generated as before (9) . Cultures of LAPD and PDE2A cell lines were grown in black 384-well microtiter plates (9) . Following inoculation of ∼2,500 cells per well, the plates were incubated for 24 or 48 h at 37°C and 5% (vol/vol) CO 2 . Supernatant culture medium was discarded, and cells were loaded with 5 μg·mL −1 coelenterazine (CAS no. 55779-48-1; P. J. K. GmbH) in Ca 2+ -free Tyrode solution [20 mM Hepes (pH 7.4), 130 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 4.8 mM NaHCO 3 ] for 3 h at 37°C and 5% (vol/vol) CO 2 . ANP stimulation was performed in the absence or presence of the PDE2-specific inhibitor BAY 60-7550 (Axxora Life Sciences, Inc.). Both ANP and the inhibitor were dissolved in Ca 2+ -free Tyrode solution containing 1 mg·mL −1 BSA. During incubation for 10 min, cells were either illuminated with white light (3,000 1C ) provides design prescriptions for LAPD+2, whose sequence is indicated by the arrow. (B) The LAPD construct, variants LAPD−1 through LAPD−4 and variants LAPD+1 through LAPD+7 were obtained by consecutively deleting residues from the linker or by inserting residues into the linker (compare Table S1 ). 
